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In recent years significant progress has been made in defining the adult and neonatal 
B-cell repertoires. After Kreth and Williamson's isoelectric focusing analysis of  the B-cell 
repertoire specific for 4-hydroxy-5-iodo-3-nitrophenacetyl  in CBA mice (1), similar studies 
have investigated the responses to a large variety of haptenic, protein, and carbohydrate 
determinants in mice, rabbits, and guinea pigs (2-6). In toto, these studies, together with 
analyses of monoclonal antibodies and assessments  of the frequency of B  cells which 
represent identifiable specificities, indicate that the adult B-cell repertoire is extremely 
heterogeneous, and probably consists of greater than  107 unique antibody specificities 
(clonotypes) (6-8). 
The  acquisition  of the  specificity repertoire  during ontogenetic development poses 
problems and raises questions which are somewhat distinct from a similar analysis of the 
adult repertoire.  Since the fetus and neonate are dynamic systems, one must define the 
B-cell repertoire at various points in ontogeny. Does the neonate have fewer specificities 
than the adult, since the individual perforce must start with fewer cells? How does the 
acquisition of the repertoire vary from individual to individual? Does antigen play a role 
in this process? These  questions bear directly on the  mechanism by which the B-cell 
repertoire is generated. 
The results of the splenic focus technique have provided significant insights into the 
ontogeny of the B-cell repertoire. These studies have demonstrated that neonatal B cells 
can be stimulated in an environment which provides adult antigen-specific T cells (9) and 
that  neonatal  B  cells  are  unipotential,  giving rise  to clonal  progeny which  produce 
homogeneous monoclonal antibody (10, 11). The frequency of neonatal B cells which are 
specific for dinitrophenyl (DNP)  1 and trinitrophenyl (TNP) is approximately the same as 
the adult frequency, but the frequency of neonatal B cells which are specific for fluores- 
cein (FL) is significantly lower than the adult (12). During the first few days aider birth, 
three DNP and three TNP-specific clonotypos can be identified by isoelectric focusing 
pattern  in  the  BALB/c splenic  B-cell  population  (11). Since the  neonatal  spleen  cell 
population, as a whole, repeatedly expresses all three TNP and all three DNP clonotypes, 
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these predominant clonotypes fulfill the classical definition of  germline expressions. Each 
of the  predominant clonotypes represents  one-third of the total  DNP or TNP-specific 
neonatal repertoire,  or 1 per  10,000 B cells,  and by 2-3 days of life,  each clonotype is 
represented  by 50-200  cells.  If the precursor doubling time  is  24 h  (13-15),  then the 
original clonotype precursor cell must have arisen before the 15th day of fetal life. Thus, 
at least 104 different clonotypes may be expressed early in development and can expand in 
the absence of  antigenic contact (in utero ) to reach a clone size of  up to 200 cells (7, 11). By 
6-7 days after birth, the predominant clonotypes are replaced by a more heterogeneous 
array of specificities (11). These sporadic clonotypes could be viewed as arising later in 
development than the early predominant ones. 
It was of considerable interest to identify within the neonatal repertoire phosphoryl- 
choline (PC)-specific clonal precursor cells which bear the same idiotype as the TEPC 15 
(T15) plasmacytoma protein, since the T15 clonotype is present in high frequency in all 
individuals  of the  BALB/c strain  (16-20)  and,  therefore,  is  presumably  encoded  by 
germline variable region genes (4, 21). The time of its appearance in the repertoire may 
have implications for the generation of antibody diversity since the acquisition of a well- 
defined clonotype can be mapped. Precursor cell analyses have indicated, however, that 
PC-specific B cells,  and the T15 clonotype in particular,  do not appear until approxi- 
mately 1 wk of age (22), at a time when the DNP repertoire is already quite diverse. In 
addition,  by the  criterion  of susceptibility  to tolerance induction,  PC-specific B  cells 
arising during the 2nd-wk of life are, in fact, immature cells which have been recently 
generated from the stem cell pool  (23). 
In this report these findings are extended and confirmed by the demonstration 
that (a) the late arisal of the T15 clonotype is a highly predictable process which 
is not altered by antigenic environment, maternal influences, or genetic back- 
ground; (b)  cells capable of binding ~25I-labeled  PC-BSA accurately reflect the 
frequency of PC-specific cells in both neonatal and adult spleen; and (c) the T15 
clonotype is  not  expressed  in  fetal  liver  or  neonatal  bone  marrow before  its 
appearance in the spleen. These results are discussed in terms of their implica- 
tions on the mechanism by which antibody diversity is generated. 
Materials and Methods 
Animals and Antigens.  6-to-8-wk-old  BALB/cAnN and AJHe mice were obtained  from the 
Institute for Cancer Research,  Philadelphia,  Pa.,  and  BALB/cJ mice from Carworth  Division, 
Becton Dickinson and Co., New York. Neonatal mice were obtained from breeding pairs of BALB/ 
cAnN mice in our own mouse colony as well as pregnant BALB/cAnN  females purchased from the 
Institute for Cancer Research, Philadelphia,  Pa. and Ace Breeding Laboratory, Philadelphia,  Pa. 
(C57BL/6~  x  BALB/c~) F1 and (BALB/c~  × C57BL/6d) F~ neonates were bred in our mouse 
colony by using  C57BL/6 mice from The Jackson  Laboratory,  Bar Harbor,  Maine. Germfree 
BALB/c neonates were purchased from Charles Rivers Breeding Laboratories, Wilmington, Mass. 
or raised in our own germfree mouse colony from germfree BALB/c  breeding pairs obtained from 
the National Institutes of Health, Bethesda, Md. The preparation ofLimulus polyphemus hemocy- 
anin (Hy), phosphorylcholine-bovine serum albumin (PC-BSA)  and 3-(p-azophenylphosphorylcho- 
line)-N-acetyl-L-tyrosylglycylglycine  Bec hydrazide-Hy (PPC-TGG-Hy)  have been described previ- 
ously (19, 24). 
Plasmacytoma Proteins.  The plasma  cell tumors  T15, MOPC 167, and MOPC 460 were ob- 
tained  from Dr. M. Potter,  National  Cancer Institute,  National  Institutes  of Health,  Bethesda, 
Md., maintained  by serial passage in BALB/c  mice, and purified as previously described (24). T15 
and MOPC 460 were conjugated to Sepharose 4B by the procedure of Cuatrecasas  (25). 
Immunizations.  BALB/c  mice were immunized intraperitoneally  with 0.1 mg of Hy in com- 
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mice were immunized with  purified T15  protein  according to the  protocol of Lieberman and 
Humphrey (26). A rabbit was immunized with 1 mg ofT15 protein in complete Freund's adjuvant 
in eight subcutaneous sites and 1 mo later with 1 mg ofT15 in incomplete Freund's adjuvant in the 
same sites. The rabbit was bled weekly and the injection and bleeding schedule was repeated 2 mo 
later. 
Purification ofAnti-ldiotypic Sera.  Anti-T15 sera from A/He mice was diluted 1:1 with 0.02 M 
phcephate-0.15 M NaC1 buffer solution, pH 7.4  (PBS)  and passed over a  MOPC 460-Sepharose 
column.  20 ml of rabbit anti-T15 serum was dialyzed into 0.05 M sodium borate-0.15 M NaCl 
buffer, pH 8.3 (BBS), and 19 mg of MOPC 167 myeloma protein in BBS was added. The mixture 
was allowed to incubate at 4°C overnight and the resulting precipitate was removed by centrifuga- 
tion. Purified T15 protein was added to the supernate slowly until a precipitate formed, and after 
incubation at 4°C overnight, the precipitate was removed, and added to 30 ml of BBS containing 
10 -8  M  PC.  This mixture was  incubated  at  4°C  overnight,  the  precipitate removed, and  the 
supernate extensively dialyzed against BBS.  This purified anti-T15 antibody showed the same 
pattern of hapten inhibition of T15 binding as antibody previously described (27). 
Splenic Focus Technique.  Spleens from neonatal or adult donor mice and BALB/c fetal livers 
were homogenized in Dulbecco's modified Eagles medium. Bone marrow cells were obtained by the 
ejection of marrow  plugs  from  adult  femoral  shai~s  or  all  four  limbs  in  the  neonates  with 
Dulbecco's modified Eagles medium or RPMI 1640, plus 25 ram HEPES and 10% fetal calf serum, 
by using a syringe and 26 gauge needle. Cell clumps were removed by passage through a nylon 
filter, with 75-90% viability of the remaining cells. Donor cells were injected intravenously into 
syngeneic, Hy-primed,  adult recipients that had been irradiated with 1,300 rads 4 h earlier. Frag- 
ment cultures were prepared from spleens of recipient mice 16 h after cell transfer, as previously 
described (28). The fragments were individually stimulated in culture with PPC-TGG-Hy (5 x 10 -7 
M hapten), and the culture fluids were changed every 2-3 days. Fluids collected 9-13 days aiter 
stimulation were assayed for anti-hapten antibody, heavy chain isotype, and idiotype. 
Radioimmunoassays  for Antibody and Idiotype.  20 pl of culture fluids were added to PC-BSA 
immobilized on bromoacetyl cellulose (28) or pelyvinyl plates (29) (Cooke  Laboratory Products 
Div., Alexandria, Va.), as previously described. Bound anti-hapten antibody was detected by the 
subsequent binding of l~I-labeled purified rabbit anti-mouse Fab antibody or l~I-labeled purified 
goat antibody against mouse/~- or ~,~-heavy-chain constant region determinants (11). The amount 
of antiSedy was quantitated in the anti-Fab assay by using T15 protein as a standard. 
Idiotypic  assays  were  performed  by  a  modification of a  previously described  solid  phase 
inhibition radioimmunoassay (24). 0.1 ml of the appropriate diluti6n of anti-idiotype in PBS was 
added to wells of pelyvinyl plates (Cooke Laboratory Products Div.) and incubated overnight at 
4°C. The antibody was withdrawn and the wells washed with PBS. Then, 0.2 ml of PBS containing 
1% BSA was added, and the wells incubated for 60 rain at room temperature. The solution was 
removed and 20/~1 of various concentrations of unlabeled inhibiter proteins or culture fluids were 
added, followed by addition of 0.1 ml of 1% BSA in PBS containing 2-4 ng of 12SI-labeled purified 
T15 protein, with a specific activity of 15-20/~Ci/~g protein. After incubation at 37°C for 18 h, the 
wells were washed three times with PBS and counted in a gamma counter. 
Antigen and Anti-Immunoglobulin  Binding Cells and Autoradiography.  Antigen and anti- 
immunoglobulin binding cells were enumerated by methods described by Davie and Paul (30) and 
Raft (31), respectively.  Spleen cells were suspended  in  0.2  ml of Dulbecco's modified Eagles 
medium containing 10% agamma horse serum (North American Biologicals, Inc., Miami, Fla.) 
and 1.0 mg/ml of sedium azide. Either l~I-labeled PC-BSA (100/~g 12sI-PC-BSA/ml  in 1% BSA) was 
added to a final concentration of 3 x  10 -7 M PC or l~I-laboled anti-immunoglobulin (100 ~g 12sI- 
anti-Fab/ml in 1% BSA) was added to a final concentration of 0.1/~g/ml. Atter a 30-rain incubation 
at 0°C, the cell suspensions were diluted to 1.0 ml with fresh medium, layered onto 2 ml of agamma 
horse serum, and the cells were sedimented by centrifugation at 900 g for 10 min. The cells were 
sedimented through serum twice more, resuspended in 50/~1 of medium, and smeared on gelatin- 
coated microscope slides. Slides were fixed in 1% glutaraldehyde and dipped in NTB-2 nuclear track 
emulsion  (Eastman  Kodak  Co.,  Rochester,  N.  Y.).  After  a  7-14  day  exposure,  slides  were 
developed in D-19 developer (Eastman Kodak Co.), stained with buffered Giemsa and examined 
for silver grains at 400 and 1,000 times magnification, by using a Zeiss microscope equipped with a 
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TABLE  I 
Number of PC-Specific Foci and Percentages of Those Foci Positive for the T15 Idiotype 
in Conventionally-Reared and Germfree Mice of Various Ages 
Source of  donor spleen cells  Age 
Percent  Total  Total num-  Num-  loci  number  ber of cells  ber of  with  of  neo- 
nates  analyzed  foci  T15 idio- 
type 
Sum- 
ber of 
precur- 
sors 
with 
T15 idio- 
type 
per 108 
spleen 
cells 
Conventionally-reared  BALB/c 
mice 
Germfree BALB/c mice 
days 
0-3  61  171 × 106  0  -  - 
4-5  25  146  ×  106  1  0  - 
6-7  52  144 × 107  93  63  1.0 
8-9  34  602 × 106  34  68  1.0 
14  31  911  × 108  65  75  1.3 
21  6  231  × 108  24  57  1.5 
28  3  199 × 108  25  72  2.3 
Adult*  -  614 × 108  197  71  5.7 
0-3  13  62 × 106  0  -  - 
4-5  17  133 × 108  5  0  - 
6-8  14  393 × l0  s  39  56  1.4 
Adult*  -  308 × 108  131  95  10.1 
* Number of  adult donors  analyzed: Ii  conventionally-reared BALB/c mice and 7  germfree BALB/ 
c mice. 
Results 
Acquisition of the  T15 Clonotype  in Conventionally-Reared  Mice.  Table  I 
shows that  of the  61  neonates  examined from birth to  3  days of age,  no foci- 
producing  anti-PC  antibody  were  detected.  One  4-day old  neonate  of the  25 
analyzed  had  a  PC-specific precursor  cell,  but  this  clone  was  not  of the  T15 
idiotype. The vast majority of neonates acquire their first PC-specific B cells at 
approximately 1 wk aiter birth, and the majority of these are of the T15 idiotype, 
as is the case in the BALB/c adult  (24).  Fig.  1 plots the frequency of DNP and 
PC-specific precursor cells in adults and neonates during the first several weeks 
of life. As discussed in the Introduction,  DNP-specific cells are present in high 
frequency at birth and remain relatively constant  into adulthood  (12).  In con- 
trast,  PC-specific B  cells do not  appear in  significant  numbers  until  6-7 days 
after birth and remain in relatively low frequency for several weeks. Assuming 
that 25% of the lymphocytes in a  1-wk old spleen of a  BALB/c mouse are B cells 
(13, 32), the average frequency of the T15 clonotype at that point in development 
is  approximately  1/250,000  B  cells.  Although,  as  Fig.  1  demonstrates,  beth 
conventionally-reared neonates and adults show wide variations in PC-specific 
precursor frequency, the average neonatal frequency at 1 wk of age is five times 
lower than the average adult precursor frequency. 
Acquisition of the T15 Clonotype in Germfree Mice.  Conventionally-reared SIGAL,  PICKARD,  METCALF,  GICARHART,  AND  KLINMAN 
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FIG.  1.  The frequency of clonal precursor cells specific for PC or DNP at various ages. 
Each small circle represents  the PC-specific precursor cell frequency derived from 1 to 10 
donor spleens  injected into  1 to 8 Hy-primed recipients;  the bars indicate  the average 
frequency at each age. Since no PC-specific foci were detected in 0-to-2-day-old  donors, the 
bar at that age denotes the maximum precursor frequency if one focus  had been detected. 
The triangles  indicate the average  PC-specific frequency in germfree donors at various 
ages. The open circles represent  the average DNP-specific precursor frequency at various 
ages, derived from previously published data for neonates  (11, 12) and for adults (28). The 
closed boxes indicate the average frequency and standard deviation of single DNP predomi- 
nant clonotypes, assuming  that each of the three predominant  clonotypes is represented 
equally in the early neonatal  period. 
BALB/c adult  mice  have  high  titers  of T15  in  their  serum  (18,  24)  and  are 
constantly being antigenically stimulated with PC in the form of Lactobacillus 
acidophilus  and  intestinal  helminths  (33).  Therefore,  the  role  of maternal 
influences or the presence of antigen in the acquisition of PC-specific precursor 
cells was investigated by analyzing PC precursor frequencies in germfree neo- 
nates.  The studies presented in Table I  and Fig.  1 indicate that the kinetics of 
appearance of PC-specific precursors in germfree neonates is, in general, similar 
to that  seen  in  conventionally-reared mice.  Most  importantly,  no PC-specific 
precursor cells were found in 13 germfree neonates analyzed between birth and 3 
days of age. While the precursor frequency of germfree neonates at 4 days of age 938  ONTOGENY  OF  PHOSPHORYLCHOLINE-SPECIFIC  B  CELLS 
is  higher than  the conventionally-reared  average, none of  the  foci  from  the 4-day 
old  mice were of  the T15 idiotype,  and the 1-wk germfree frequency falls  within 
the range seen for individual conventionally-reared  mice. Thus, although the 
presence of  antigen or  maternal antibodies  cannot  be  completely ruled  out  as  the 
reason for  the late  acquisition  of  the T15 clonotype during the neonatal period, 
the data obtained from germfree neonates nursed by germfree mothers, who 
have no  T15 in  their  serum (18,  24),  suggest  that  such  influences  are  not  likely  to 
be significant. 
Acquisition  of the  T15  Clonotype in Individual  Mice.  Fig.  2  presents  an 
analysis  of the  clones  from  individual  1  wk  old  conventionally-reared  and 
germfree neonates.  While,  on the average, two-thirds of all foci from 1-wk old 
neonates are T15 positive, the representation of the T15 clonotype varies mark- 
edly from individual  to individual.  The  majority of neonates  have both T15- 
positive and T15-negative or cross-reactive foci, but others are composed solely 
of one group or the other.  In many cases, this observation may be due to the 
small  number  of clones  available  for  analysis  from  an  individual  neonate, 
making an all or none sampling phenomenon likely. However, in other cases, 
e.g.  mice  in  conventionally-reared  litter  2  or  germfree  litter  1,  a  sufficient 
number of clones have been analyzed to make the observation valid. 
Fig. 2 also illustrates that the PC precursor frequencies of individual neonates 
within a  single litter vary less from one another than the variance among the 
strain  as a  whole.  Both germfree and conventionally-reared  neonates demon- 
strate this correlation,  although conventionally-reared 1 wk old mice fluctuate 
over a 20-fold range and germfree individuals vary only over a 8-fold range. The 
difference between germfree  and  conventionally-reared  neonates  mirrors  the 
finding with adult donors, with adult germfree mice varying 4-fold and conven- 
tionally-reared  adults fluctuating  over a  30-fold range  (19).  The relative con- 
stancy of PC-specific precursor frequencies within a litter suggests that mater- 
nal factors may play a minor, but undefined, role in the expression of antibody 
specificities. 
Acquisition of the T15 Clonotype in CBF1 Neonates.  One potential source of 
maternal  influence on the level of PC-specific precursor cells is the transfer of 
T15, or perhaps auto-anti-T15, across the placenta. Although there is no correla- 
tion between the neonatal PC-specific precursor frequency and maternal  anti- 
PC  antibody level among  litters  tested  (data  not shown),  the maternal  fetal 
interactions may be more complex than such a simple analysis allows. Previous 
work had  indicated  that  a  small  portion  of the  anti-PC  antibody present  in 
nonimmune  conventionally-reared  adult  mice  is  IgG1  (24).  Table  II  demon- 
strates  that  the  small  amount  of T15  present  in  BALB/c neonatal  serum  is 
probably of maternal  origin,  since IgM antibody does not appear in detectable 
quantities until the 2nd or 3rd wk of life. Since all four subclasses of mouse IgG 
can cross the placenta (34), other subclasses may be present in neonatal serum 
in addition to IgG1.  Thus, since C57BL/6 mice do not have T15 in their serum, 
CBF1 neonates raised by C57BL/6 mothers can be used to examine whether the 
presence of maternal T15 (and perhaps anti-T15) influences the expression of the 
T15 clonotype. 
Table III presents the PC-specific precursor frequencies of CBFI neonates of o 
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FIG.  2.  The frequency of PC-specific clonal precursor cells  in individual  7 day old mice. 
Spleen cell suspensions from 1 wk old germfree or conventionally-reared  neonates were 
individually  transferred to two Hy-primed  syngeneic recipients. Solid bars indicate the 
number  of T15-positive  precursors,  the clear bars represent the T15-negative  precursor 
frequency, and the striped areas depict the frequency of  clonotypes which cross-react with 
the murine anti-T15 serum. 
939 
TABLE II 
Detection of Anti-PC Antibody and T15 Idiotype in Neonatal Sera 
Anti-PC  Heavy chain class  T15 idio- 
Serum source*  Age  antibody  type 
/z  T~ 
BALB/c 
(C57BL/6 Q  x  BALB/c c~)F1 
(BALB/c  ?  x C57BL/6  c~)F~ 
days  ~g  /ml  ~g  lml 
1*  5.0  -  +  0.6 
7  4.5  -  -  0 
14  6.0  +  -  1.4 
Adult§  64.0  +  +  60.0 
1  1.1  -  -  0 
7  1.7  -  -  1.5 
14  9.0  +  -  1.0 
1  1.3  -  +  0 
1  1.2  -  -  0 
7  7.5  ±  -  0 
14  I0.0  +  -  1.0 
* Serum dilutions containing 0.04-2/zl of  serum were run in quadruplicate in  the radioimmunoas- 
says for anti-PC antibody and T15 idiotype as described in the Materials and Methods. Serum 
antibody was quantitated by using purified T15 protein. The specificity  of  the  radioimmunoassay 
for T15 idiotype has been described previously (25). 
¢ Sara from 8-10 1 day, 6-10 7 day, and 4-6 2-wk-old mice were pooled. 
§ Values for BALB/c adult sera represent the average of  five individual donors. 940  ONTOGENY OF PHOSPHORYLCHOLINE-SPECIFIC B CELLS 
TABLE  III 
Comparison of(C57BL/6 •  × BALB/c ~)F1 and (BALB/c ? × C57BL/6  ~)F1  Neonates 
in the Frequency of PC-Specific and T15-Positive Clones 
Mother  Age 
Number of 
Number of  precursors  Total num-  Total  number  Number of  precursors  with T15  ber of neo-  of cells ana- 
nates  lyzed  foci  per 106  idiotype 
spleen cells  per 106 
spleen cells 
C57BL/6 
BALB/c 
days 
1  12  16  ×  106  0  -  - 
4-5  27  316  ×  106  15  1.19  0 
6-8  21  415  ×  106  85  5.12  0.42 
13  5  127  ×  106  16  3.15  1.18 
1  14  18  ×  106  0  -  - 
4-5  13  86  ×  106  3  0.87  0 
6-8  8  256  ×  106  48  4.68  0.95 
various ages born to BALB/c or C57BL/6 mothers.  The data indicate that the 
acquisition of the T15 clonotype is unaffected by the maternal  environment of 
the C57BL/6 strain. It is of interest that the PC-specific precursor frequency of 4- 
5 day old CBF1 neonates, irrespective of the maternal parentage, is higher than 
in BALB/c neonates at the same point in development (approximately one per 
106  versus one per 6  ×  10  s spleen cells, respectively).  However, none of these 
earlier  arising  clones  are  of the  T15  idiotype.  These  B  cells  may  represent 
specificities arising from the C57BL/6 variable region gene pool, which may be 
programmed to arise earlier in development. 
Antigen-Binding Cell Analysis of PC-Specific B  Cells.  One explanation for 
the late appearance of the T15 clonotype is that although the T15 clonotype is 
generated at the same point in development as cells committed to the predomi- 
nant DNP and TNP-specific clonotypes, the B cells specific for PC require more 
time to acquire the ability to collaborate with T cells or, in some other way, are 
masked from detection in the splenic focus assay. Alternatively,  neonatal  PC- 
specific B cells may display different homing properties than adult or neonatal 
DNP and TNP-specific cells and thus may be obscured from analysis.  If these 
arguments  were  valid,  it  would be predicted  that  PC-binding  cells  could be 
detected  in  neonatal  spleen  cell  suspensions  before their  appearance  in  the 
splenic focus system.  Table IV presents the data  from several representative 
experiments comparing PC-BSA-binding cells to the number of cells responsive 
to PC in the splenic focus system. The frequency of PC-binding cells in suspen- 
sions of adult spleen cells is consistent with previous reports and represents the 
upper and lower range of precursor frequencies observed in the conventionally- 
reared adult. The cell suspension from a pool of 4- to 5-day-old BALB/c neonates 
demonstrates the same correlation between PC antigen-binding cells and stimu- 
lated PC-specific precursors in the splenic focus assay as that seen in the adult. 
Since previous reports (9) have shown that 5% of both neonatal and adult spleen 
cells lodge in recipient fragments, the cloning efficiency of 4% indicates that 80% 
of resident  precursor  cells are  stimulated  to detectable antibody-forming  cell SIGAL,  PICKARDt  METCALF,  GEARHART,  AND  KLINMAN 
TABLE  IV 
Frequency of  PC-Specific Antigen-Binding Cells  and Clonal Precursor Cells 
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Antigen- 
binding  Total cells  Foci per 10  ~  Total cells  trans- 
Donor  ceils  per  counted  transferred  ferred  Efficiency* 
10  e  spleen  cells 
cells* 
% 
Adult 1  24.0  5 × 108  0.96  12.5 × I08  4.0 
Adult 2  5.8  5 x 10  e  0.25  60 × I0  s  4.3 
Neonate (4-5 days)  0.35  20 × 108  0.013  76 × 108  3.7 
* Number  of 1281-PC-BSA-binding cells  per I0  e  spleen cells. 
$ Foci per 108 transferred  ceils × 100/Antigen-binding cells  per 108 spleen cells. 
TABLE  V 
Frequency of  PC-Specific B Cells in the Fetal Liver and Bone Marrow of Conventionally- 
Reared BALB/c Mice of Various Ages 
Number  of 
Total number  Total number of  precursors per 
Source of  cells  Age  of  donors  cells  analyzed  108 injected 
cells 
19 day fetal  liver 
Bone marrow 
days 
-  10  -  0 
5  9  13 ×  108  0 
7  41  112 × 108  1.3 
I0  I0  40 × I08  3.1 
14  I0  40 × 106  2.5 
Adult  5  145  ×  108  12.6 
clones. Therefore, it is unlikely that major B-cell  subsets are being ignored in 
this  analysis.  In addition,  the antigen-binding cell  studies  suggest that neonatal 
B cells  behave similarly,to  adult B cells  when provided with adult T-cell  help in 
the splenic focus system and confirm the finding that PC-specific B cells  are 
extremely rare in early neonatal spleen cell  populations. 
Ontogeny of  PC-Specific Precursor Cells in Neonatal Bone Marrow and Fetal 
Liver.  Since recent evidence suggests that B  cells develop independently in 
both the fetal liver and fetal spleen (35, 36), it is possible that PC-specific B cells 
arise exclusively in the fetal liver, travel to the neonatal bone marrow, and 
subsequently seed to the spleen. As seen in Table V, no PC-specific B cells are 
found in 19-day fetal liver, in contrast to the ability to detect DNP-specific B 
cells at this point in ontogeny (9). Table V also demonstrates that there are no 
precursor cells of the T15  clonotype in the bone marrow until  day 7  of life, 
coincident to their appearance in the spleen. 
Discussion 
To distinguish among the many theories of antibody diversity generation, the 
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ontogeny must  be  clearly understood.  Indeed,  the  fundamental distinction 
between whether all clonotypes are encoded in the germline or whether a few 
germline specificities are diversified by random somatic events is most easily 
evaluated during the neonatal period. If  random somatic events, such as somatic 
mutation or chromosomal recombination, are involved in diversification, differ- 
ent specificities should arise in each individual during ontogeny, so that the 
repertoire of syngeneic neonates should diverge early in development and would 
reflect the individual's antigenic experience far more than its  genetic back- 
ground. 
Previous studies have led to conflicting views concerning the development of 
the B-cell repertoire. The pioneering work of Silverstein et al. (37) demonstrated 
a sequential hierarchy of antibody responsiveness to a variety of antigens in the 
fetal sheep. However, the interpretation of these experiments was complicated 
by the fact that the animals were genetically diverse and that other cell types 
involved in  antibody production  (T  cells and  macrophages) are  functionally 
immature at birth (38-42). Nevertheless, Sherwin and Rowiands (43) still ob- 
served a sequential hierarchy of antibody responsiveness when neonatal B cells 
were provided with  mature T  cells  and  macrophages  (43). This  sequential 
pattern was invariant among individuals within a  mouse strain and the se- 
quence of expression could not be altered by the presence of antigen.  These 
studies, as well as those of Goidl and Siskind (44), which demonstrated a marked 
restriction of the neonatal repertoire, suggest a genetically predetermined ac- 
quisition and expansion of the B-cell repertoire during ontogeny. 
Several antigen-binding cell analyses of developing cell populations (13, 45, 
46) have indicated that cells binding many different antigens appear simultane- 
ously, increase in parallel with the ontogeny of immunoglobulin-bearing cells, 
and express the full range of antigen-binding avidities on development. Because 
of  the rapid expression of a heterogeneous  array of specificities, these studies are 
inconsistent with classical somatic mutation theories as well as theories postu- 
lating sequential acquisition of the repertoire. However, in a recent study by 
D'Eustachio et al.  (47), the frequency of cells binding TNP and sheep erythro- 
cytes in 18-day fetal livers was found to be under genetic control in two inbred 
mouse strains. This finding may be explained by the genetically-programmed 
expression of clonotypes in the two strains. Consistent with this interpretation 
are the experiments of Lydyard et al. (48), who studied the anatomical distribu- 
tion of B-cell clones generated within the bursa of Fabricius of chickens. Small 
foci  of antigen-binding cells  appeared  in  multiple bursal  follicles,  and  this 
development  occurred in an invariant, antigen-independent, sequential pattern. 
Since antigen-binding cell analyses are often relatively nonspecific and do not 
have the capacity to delineate developing specificities at the clonotype level, we 
have investigated the developing B-cell repertoire at the level of stimulatable 
clonal precursor cells. The major findings have provided evidence of a patterned 
process of repertoire acquisition within neonates of a single strain.  Our early 
studies  demonstrated an  unusual  reproducibility in  the  early expression of 
BALB/c clones responsive to  DNP  and  TNP  (9,  11,  12); however, the  most 
striking observation and the finding which most clearly establishes the pat- 
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is the evidence that PC-responsive B cells, particularly the T15 clonotype, are 
reproducibly found only after the lst-wk of life. 
The ability to tolerize PC-specific splenic B cells as late as day 10 after birth 
(23) is the best evidence that the T15 clonotype arises from the generative cell 
pool at a much later point in development than the DNP predominant clono- 
types, which are expressed and tolerizable only during the first few days of 
neonatal life. Since this assay appears to be an unambiguous marker of imma- 
ture cells, the finding can only be accounted for if the T15 clonotype in a 7-day 
old  spleen  bears  the  same  relationship  to  the  stem  cell  pool  as  the  DNP 
predominant clonotypes in a  newborn spleen. These findings, along with the 
evidence presented in this report, confirm the invariant, late occurrence of PC- 
specific B cells and support a highly-ordered, rigorously predetermined mecha- 
nism for the acquisition of the B-cell repertoire. 
Previous reports have shown that the frequency of any one of the DNP or 
TNP-specific predominant clonotypes represents 1/10,000 B cells at birth (11). If 
the clonotypes which dominate the repertoire at birth represent the earliest 
expression of the germline genetic information for antibody specificity, the data 
presented here indicate that, early in development, the T15 clonotype is at least 
100  times  less  frequent than the  previously identified germline clonotypes. 
Thus,  although the number of PC-specific  B cells in neonates varies among 
individuals, few PC-specific B cells are observed before day 6. It is of interest 
that the variance among individuals was less  among littermates, a  finding 
similar to that seen for DNP and TNP predominant clonotypes (11). Although 
BALB/c neonates expressed the three DNP and the three TNP clonotypes in 
approximately equal proportions among the population as a whole, an individ- 
ual neonate expressed a preponderance of one of the three DNP and one of the 
three TNP predominant clonotypes, and these specificities were also expressed 
preferentially by the individual's littermates. 
The  appearance  of PC-specific precursor cells-and the  T15  clonotype in 
particular-would fit into the category of sporadic clonotypes, i.e., a late arising 
specificity, in the terminology used to describe the development of the DNP, 
TNP, and FL repertoires (11), and as such is not significantly different than the 
vast majority of specificities. The importance of this observation for the T15 
clonotype is that:  (a)  it fulfills many of the criteria of a  germline antibody 
specificity (16-20); (b) in the adult it is expressed by an unusually large B-cell 
clone (19); and (c) the highly ordered nature of this process has been demon- 
strated. The designation of the nonpredominant DNP and TNP clonotypes as 
sporadic may, in fact, have been a misnomer. The acquisition of these specifici- 
ties may be just as predictable as the T15 clonotype, but because of the heteroge- 
neity of the DNP and TNP repertoires and the relative insensitivity of sucrose 
gradient isoelectric focusing, the ordered nature of these events was obscured. 
Thus, the generation of not only the T15 clonotype but perhaps all specificities 
may be the result of precisely programmed events. 
To evaluate possible maternal influences in the kinetics of expression of PC- 
specific  B  cells,  two  types of experiments were carried out.  First,  germfree 
neonates were shown to  acquire PC-specific B  cells with similar kinetics as 
litters from conventional mothers. Second, to insure that the BALB/c maternal 944  ONTOGENY  OF  PHOSPHORYLCHOLINE°SPECIFIC  B  CELLS 
environment was not, in some unknown way, suppressing the early appearance 
of the  T15  clonotypes,  the  arisal  of B  cells  bearing  the  T15  idiotype  was 
examined in both (C57BL/62  x  BALB/c6) F1 and (BALB/c2  x  C57BL/6 J) F1 
mice. Although germfree mice do not have T15 in their serum (18, 24), they still 
may have other serum factors (perhaps auto-anti-idiotype) responsible for both 
the  predominance  of this  clonotype  in  in  vivo  antibody  responses  and  the 
alteration  of expression of the T15 clonotype during  the neonatal  period.  The 
results show that CBF1 mice from both BALB/c and C57BL/6 mothers demon- 
strate  similar  kinetics of appearance  of the T15 clonotype as seen in BALB/c 
neonates, indicating that the BALB/c maternal environment does not suppress 
the early expression of this specificity. Furthermore, the presence of the C57BL/ 
6 gene pool does not alter the time of appearance or the highly ordered nature of 
the T15 clonotype's expression. This observation suggests that the acquisition of 
the B-cell specificity repertoire  is rigorously programmed;  the variable region 
genes are read out in a sequence intrinsic to the information contained on that 
chromosome and operates independently of any information, such as enzymes or 
episomes,  carried in another  variable region gene pool. The exception to this 
notion may be the generation of novel heavy-light chain pairs, but since recent 
evidence suggests that many mouse strains have T15-1ike light chains (49), this 
may not affect the expression of the T15 clonotype. 
The late appearance of PC-specific B cells in BALB/c mice appears to be due to 
the absence of these cells, since antigen-binding cell analysis of neonatal spleen 
and examination of fetal liver and neonatal bone marrow as early as day 5 of life 
fail to detect unexpected numbers of PC-specific precursor cells. Comparison of 
adult and neonatal PC-binding cell frequencies confirms that both populations 
home to the spleen and are stimulated with the same efficiency. Since B cells 
responsive to PC appear to arise simultaneously in both the spleen and bone 
marrow but remain immature for a longer period of time in the latter pool (23), 
it is unlikely that the T15 clonotype was initially generated in the bone marrow 
during fetal or early neonatal life and subsequently migrated to the spleen. The 
T15 clonotype may arise independently in the bone marrow and spleen from the 
generative cell pools or, alternatively,  may first be generated in the spleen. 
We have focused a great deal of attention on the T15 clonotype since it fulfills 
many prerequisites of a  germline expression.  However, late appearance in the 
repertoire is characteristic of most or all other PC-specific clonotypes as well as 
most precursor cells responsive to DNP, TNP, and FL. It should also be noted 
that there is no apparent correlation between the time in ontogeny of expression 
of a clonotype and its eventual representation in the adult B-cell pool. While the 
T15 clonotype is acquired at approximately I wk of age and can reach a clone size 
of as many as 3,000 cells in the adult  (19),  T15-negative clonotypes which are 
expressed at the same point in development,  constitute a  minority of the PC- 
specific repertoire,  and may be represented by, on the average,  fewer than  10 
cells in the adult mouse (27). 
The relatively late appearance of the T15 clonotype has profound implications 
for the acquisition of the B-cell specificity repertoire. Although this specificity is 
present  in  high  frequency  in  every adult  BALB/c mouse  and  serves  as  the 
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tics of the six DNP  and TNP  predominant clonotypes.  In addition to its late 
acquisition,  the appearance of  the T15 clonotype is  a highly predictable  process 
in  that between the 5th and 8th day of  postnatal  life,  essentially  every individ- 
ual BALB/c neonate expresses the T15 clonotype.  The results  presented in this 
report argue strongly  against random, antigen-driven events playing a role  in 
this  highly patterned process  of  diversity  acquisition  and suggest a reliance  on 
evolutionary  rather  than environmental selective  forces.  Nucleic acid  hybridiza- 
tion experiments (50),  now clearly  indicate  that very few inherited variable 
region genes are responsible  for  the large  number of  specificities  present in  the 
adult  repertoire.  If  this  is  so,  repertoire  acquisition  may best  be accounted for  by 
the predetermined  permutation of the genetic information inherent in the 
germline (8).  While such a theory does not defne a molecular model for the 
generation of the repertoire,  the postulates provide a conceptual framework 
within which any more detailed  model must be constrained.  It is  critical  to the 
predetermined permutation theory that all potential  specificities  which arise 
from heavy-light chain associations be expressed  at least once during the 
lifetime  of  the individual,  so  that evolutionary selection  can apply  to  the species 
as a whole. Somatic expansion of  the heavy and light  chain  variable  region  gene 
pools would occur in a programmed fashion and may involve  the sequential 
expression of multiple hypervariable regions within a single variable region 
framework. A model which is consistent  with the predetermined permutation 
theory involves recombinational events among a limited number of germline 
genes with subsequent correction  of  base pair  mismatches to produce new, but 
predictable, sequences  (M. Gefter, personal communication).  To distinguish 
between this  and other mechanistic models such as  hypervariable region inser- 
tion (51),  future  experiments must assess the developing neonatal and adult 
repertoires  at  the  level  of  amino acid  or  nucleotide  sequence analysis,  which may 
provide information concerning the relationship  between variable  region genes. 
Summary 
The TEPC 15 (T15) clonotype, a putatively germline antibody specificity, does 
not appear in the neonatal B-cell repertoire until approximately 1 wk of age. 
This  report extends this  observation by the demonstration that  (a) the T15 
clonotype follows similar kinetics of appearance in germfree as well as conven- 
tionally-reared mice;  (b)  maternal influences and genetic background play a 
minor role in the development of the T15 clonotype since CBFI neonates raised 
by C57BL/6 or BALB/c mothers acquire the T15 clonotype at the same time in 
ontogeny as BALB/c neonates; (c) the lack of phosphorylcholine (PC)-specific B 
cells shortly after birth is reflected in a dearth of PC-binding cells in the neonate 
as well; and (d) no PC-specifc B cells are found in 19-day fetal liver or in bone 
marrow until 7 days of life, coincident with their appearance in the spleen. 
These findings, along with a previous report that PC-specific splenic B cells 
are tolerizable as late as day 10 after birth, confirm the invariant, late occur- 
rence of the T15 clonotype and support a  highly-ordered, rigorously predeter- 
mined mechanism for the acquisition of the B-cell repertoire. The results are 
discussed in light of other studies on the ontogeny of B-cell specificity, and in 946  ONTOGENY OF  PHOSPHORYLCHOLINE-SPECIFIC B  CELLS 
terms of the implications  on the mechanism by which antibody diversity  is 
generated. 
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